We determine the atomic structure of the (111) surface of an epitaxial ceria film using low-energy electron diffraction (LEED). The 3-fold-symmetric LEED patterns are consistent with a bulk-like termination of the (111) surface. By comparing the experimental dependence of diffraction intensity on electron energy (LEED-I(V) data) with simulations of dynamic scattering from different surface structures, we find that the CeO 2 (111) surface is terminated by a plane of oxygen atoms. We also find that the bond lengths in the top few surface layers of CeO 2 (111) are mostly undistorted from their bulk values, in general agreement with theoretical predictions. However, the topmost oxygen layer is further from the underlying cerium layer than the true bulk termination, an expansion that differs from theoretical predictions.
INTRODUCTION
Cerium (IV) oxide (ceria) is used in catalytic and electrochemical applications due to its high surface activity, its ionic conductivity, and its ability to store and release oxygen. 1, 2 Some of the common applications include uses in catalytic converters in the automotive industry, [3] [4] [5] as oxygen sensors, 6 and in solid oxide fuel cells. [7] [8] [9] The cerium at ceria's surfaces can readily cycle between 4+ and 3+ oxidation states, a behavior that facilitates the oxidation/reduction chemistry needed for many catalytic processes. 10 Ceria's bulk structure also accommodates a range of oxygen stoichiometry, and oxygen readily diffuses through ceria, particularly when the material is reduced or doped. Ceria can then readily store and release oxygen in catalysis, which is particularly useful for catalytic converters. 11 Reduced ceria is a reasonable electronic conductor as well. 12 The resulting mixed electronic-ionic conductivity is what allows ceria to serve as an effective catalyst and an electrode (current collector) in electrochemistry. 1 The chemical reactivity of ceria is particularly sensitive to its surface and near-surface structure, including the surface polarity and composition. 13, 14 Therefore, the surface structure of cerium oxide has been examined extensively by theory [15] [16] [17] [18] [19] [20] [21] [22] and experiment. [23] [24] [25] [26] [27] [28] [29] [30] [31] For instance, x-ray absorption fine structure (XAFS) and low-energy electron diffraction (LEED) measurements have provided information about the lattice constants for few-layer films 23 and nanocrystals as a function of size, 32, 33 while scanning tunneling microscopy (STM) studies have revealed structural information about the a) dasiege@sandia.gov b) Present address: Materials Science and Engineering Department, Stanford University, Stanford, California 94305, USA.
surface. 24, 26, [28] [29] [30] [31] Theoretical results predict that the energy and termination of ceria's surfaces will change as a function of the oxygen chemical potential, and that the CeO 2 (111) surface should be the most stable and bulk-like. For example, at low oxygen chemical potential, a polar Ce-rich CeO 2 (111) surface is predicted to have the lowest energy. 15 At high oxygen chemical potential, the lowest-energy (111) surface is predicted to be non-polar, to be terminated by a layer of oxygen, and to have the same stoichiometry as the bulk. Theory also suggests that the interplanar separations of the topmost layers vary substantially between different surface terminations, 15 although the 4f electrons of reduced ceria pose a particular challenge to theoretical calculations. STM experiments have shown that CeO 2 (111) has an oxygen termination under ultrahigh vacuum conditions, while STM and LEED have demonstrated a 1×1 periodicity, consistent with a bulklike termination. 31 However, despite these efforts there exists no quantitative experimental determination of the interplanar separations of the surface layers of CeO 2 (111) to date.
In this study, we determine the atomic structure of a CeO 2 (111) surface annealed in oxygen by quantitative analysis of LEED data. As a surface-sensitive probe, LEED is an excellent tool for measuring the atomic structure of the top few layers of a cerium oxide crystal, particularly in the outof-plane direction. We find that the CeO 2 (111) surface has a 3-fold, 1×1 LEED pattern, consistent with a bulk-like termination. We also fit LEED-I(V) data, the experimental dependence of diffraction intensity on electron energy (voltage), to structural models by simulating the multiple (dynamical) scattering. We find excellent agreement between experiment and theory, and determine that the surface is oxygen terminated and has the same stoichiometry as the bulk. The measured separations of the atomic surface layers also closely match Tables I and II . Small red circles are oxygen; large white circles are cerium. The top plane of oxygen atoms is denoted O(2a), the top plane of cerium atoms is denoted Ce(2), and so on. The plane labeled z = 0 is the reference for the heights given in Table I. those of the bulk, with the exception of the topmost layer of oxygen atoms, which exhibits an expansion. This result differs from theoretical expectations. [15] [16] [17] [18] [19] [20] [21] [22] 
EXPERIMENTAL DETAILS
The CeO 2 (111) sample was grown on a (111)-oriented single crystal of yttria-stabilized zirconia (YSZ) by pulsed laser deposition (PLD) from a commercial CeO 2 target (Sigma Aldrich) of 99.999% purity. Deposition occurred with the substrate at ∼550
• C in an environment of 4.9×10 −3 Torr O 2 . The film was cooled in the same environment. The 248-nm excimer laser had a pulse energy of 150 mJ and was operated at 5 Hz. 30 000 shots created a film approximately 300 nm thick. At this thickness, the film is essentially a bulk crystal, which has the fluorite structure illustrated in Figure 1 . That is, the film has relaxed from any in-plane strain potentially imposed by the substrate. 23 The sample surface was prepared for LEED measurements by annealing for several hours at temperatures up to 850
• C in 10 −6 Torr O 2 . The sample was then briefly sputtered by Ar ions (1.5 kV at ∼5 μA current for 5 min) to remove potential surface contaminants, then further annealed to 800
• C in 1-2×10 −6 Torr O 2 for more than 24 h. This annealing process smoothed the surface, producing sharper diffraction patterns. A commercial Elmitec III low-energy electron microscope (LEEM, Ref. 34) was used to acquire the LEED patterns. LEEM instruments have several experimental advantages over a traditional LEED diffractometer: 35 the diffracted beams do not move with energy, the specular beam can be measured, and a channel plate image intensifier enables the acquisition of faint LEED patterns. Finally, LEEM instruments are designed for high-temperature image acquisition. Indeed, we were not able to obtain LEED patterns with the sample at room temperature due to charging. At elevated temperature, about ∼324
• C, the ceria became sufficiently conductive in a vacuum of ∼10 −9 Torr to prevent charging. The datasets were acquired from a surface region 20 μm in diameter by varying the incident electron energy, which the LEEM community refers to as the "start voltage." To increase the dynamic range of the LEED-I(V)s, the electron beam intensity was increased in steps as the electron energy was increased. Thus, the full dataset consisted of four energy ranges, with the electron beam current optimized for each range. The beam intensities were measured from series of LEED images collected at 1 eV energy intervals. Threefold symmetry was observed, and thus, equivalent beams were averaged together.
COMPUTATIONAL DETAILS
LEED-I(V) calculations were performed with the code TensErLEED. 36 First, full dynamical I(V) curves were obtained for various surface terminations (see below) and then Pendry's R-factor, R P , 37 was used to quantify the agreement between theoretical and experimental data. This procedure singled out the defect-free oxygen-terminated bulk truncation as the most likely termination, which we illustrate in Figure 1 . We further refined this structure by automated optimization until a minimum R P , R P,min , was found. In the refinement, we used tensor LEED 38 to evaluate the I(V) curves for small variations in the atomic coordinates and vibrational parameters.
The (00), (10), (01), and (11) spot intensities (see Fig. 2 ), which amount to a total database of E = 1796 eV, were considered in the optimization process. With 12 fit parameters (6 structural and 6 vibrational), we then have 150 eV per parameter. The basis set used in the calculations contained partial waves up to l max = 14 and electron damping was modeled by an imaginary part in the crystal inner potential, V oi = 4.5 eV. Statistical fluctuations in the data lead to an uncertainty in the finally optimized parameters. Actually, any configuration that yields R P < R Pmin (1 + RR), where RR = √ (8V oi / E), is an acceptable solution. 37 This criterion allows us to evaluate error bars for each parameter.
We obtained the phase shifts for the LEED-I(V) calculations from first-principles calculations within the Density Functional Theory (DFT) for bulk CeO 2 . In particular, we used the Full-Potential Linearized Augmented Plane Wave (FLAPW) formalism 39, 40 and the LDA + U formulation for the exchange and correlation functional 41 as implemented in the code FLEUR. We used U = 6 eV, as suggested in the literature. 42 The FLAPW formalism divides the space into non-overlapping muffin-tin (MT) regions associated to the ion cores and uses partial waves to describe the wavefunctions inside the MTs. Taking advantage of such basis, we used the spherical component of the potential inside the MTs to generate phase shifts by solving the corresponding one-electron radial Schrodinger equation. MT radii of 1.45 and 0.82 Å were used for Ce and O, respectively. The wavefunction plane wave basis for the interstitial region was constructed with a 105 eV cutoff and a 13×13×13 special k-point mesh. Figure 2 exhibits representative LEED patterns. The diffraction spots form a hexagonal pattern. The measured inplane lattice spacing is 3.9(±0.4) Å, which is consistent with a bulk-like (1×1) termination of CeO 2 (111). 44 At certain electron energies, the LEED patterns exhibit marked 3-fold symmetry, consistent with the 3-fold stacking of atomic layers along the [111] direction of the fluorite structure (see, for instance, Fig. 1(b) ). This 3-fold symmetry also demonstrates that twin domains are not prevalent in the film, since a film with twin domains smaller than our sampling area (a region 20 μm in diameter) would have a 6-fold symmetric LEED pattern. For instance, at 120 V the bright first-order (1,0) peaks (labeled in Fig. 2(a) ) are more than 100 times stronger than the dim (0, 1) peaks. Thus, if there are any twin domains, they comprise less than 1% of the sample surface and have been neglected in our quantitative analysis.
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RESULTS AND DISCUSSION
The full power of LEED comes from quantitatively analyzing the intensity variation of diffraction peaks as a function of electron energy (LEED-I(V)), which encodes detailed information about the atomic positions of the top few layers of the crystal. The basic procedure of the tensor LEED method is to make a full LEED-I(V) calculation involving multiple scattering with a reference structure, then to make small perturbations to this structure until the calculated LEED-I(V) best matches the experimental data. 45 In this study, the best starting structure is an oxygen-terminated, defect-free, bulktruncated crystal. Figure 3 compares the experimental LEED-I(V) data to the result of the tensor LEED calculations. After the iteration procedure, the final fit has a very good agreement with the experimental dataset, with R P,min = 0.205 and an inner potential V or = 6.5 eV. The good convergence can be seen, for example, in Figure 4 , where the Pendry factor is plotted as a function of the z-component of the topmost interlayer spacing. The figure also shows the improvement that can be gained by allowing all of the other parameters to relax. The fact that these two curves coincide at the lowest value of R p illustrates that the global minimum of R p is dominated by the Ce(2)-O(2a) interplanar distance (notation is given in Table I ). I. Atomic positions in the out-of-plane (z) direction. Comparison between our CeO 2 (111) structure and a perfect bulk-like termination based on the bulk lattice parameter of Ref. 54 . Distances are measured from the z = 0 plane in Fig. 1(a) , which also labels the position of the Ce and O atoms. The level of agreement between experimental data and LEED-I(V) fit is remarkably good for an oxide surface, where a R p < 0.3 is usually considered a good fit. 46, 47 There are several explanations for this excellent level of agreement with multiple scattering calculations. From the experimental side, sputtering and annealing in oxygen allowed us to obtain a very high quality surface. The (111) surface we observe has the same symmetry as the bulk crystal, which also lends itself towards straightforward comparison with theory. From the theoretical side, the use of first-principles calculations to obtain the phase shifts constitutes a significant improvement with respect to the traditional method. 47 Data for atomic positions are given in Tables I and II, with out-of-plane (z) atomic positions and interplanar separations, error bars, as well as vibrational amplitudes and their error bars. Overall, our structure agrees well with published theoretical calculations, which predict that the (111) surface is stable and has an oxygen-terminated, non-polar surface over a wide range of oxygen chemical potential.
15 Figure 1 illustrates the structure. Table I shows that deviations between the experimental and bulk-like atomic positions are ≤0.04 Å, and are generally the same order of magnitude as the error bars (which range from 0.02 Å to 0.08 Å). In consideration of the substantial vibrational amplitudes, we note that the site population uncertainty is statistically correlated with the vibration amplitude uncertainty. Thus, the existence of a small amount of disordered vacancies in the top layer should be, in principle, taken into account. To check for a possible role of vacancies in the expanded interlayer spacing, a variable concentration of vacancies (up to 20% of the surface oxygen lattice sites) was added to the tensor LEED fit, but R p,min did not improve. 36, 48 We also note that the surface layer has a larger vibrational amplitude than the layers underneath, which is quite typical of solid-state systems. 49 In fact, Ref. 50 shows that phonons associated with oxygen are softened at the surface of ceria. We also note that our method may slightly underestimate the Debye-Waller factors. Specifically, we did not fully account for the decrease in diffraction intensity with electron energy (see Fig. 2(c) ) since the structure was optimized using data from four energy ranges. We emphasize that the good signal-to-noise ratio and very reliable I(V) features (i.e., peaks, dips, and elbows) that our methodology provides increases the accuracy of the non-vibrational structural parameters.
TABLE II. Atomic separations with respect to bulk lattice parameters. Interlayer spacing in the out-of-plane (z) direction and the bond lengths between neighboring atoms for the present study and for a recent theoretical calculation. 15 The notation in the left-hand column for the position and type of atom (Ce(2), O(2a), and so on) is labeled in Figure 1 Similarly, Table II shows that the topmost layer separation is larger than the bulk separation by 0.08 Å, which is larger than the error bar of 0.06 Å. This separation corresponds to a 10% expansion in the z-direction (perpendicular to the surface of the crystal). We compare our experimental results with calculations by Fronzi et al. 15 in Table II and generally find good agreement; with the exception of the topmost layer, the layer spacings agree to within 0.03 Å. In the DFT calculations, the interlayer spacings differ by less than 0.04 Å from the calculated bulk termination (less than 2% deviation), which is a similar magnitude to our experimental result. We note two minor differences between experiment and DFT: First, the relative separation between the second and third atomic planes from the surface (Ce(2)-O(2b)) is a contraction in the experimental data but a small expansion in the DFT data; but the difference is within the error bar. Second, we observe an expansion of the last interlayer spacing in our experiment that does not agree with DFT or any other theoretical prediction. [15] [16] [17] [18] [19] [20] [21] [22] One possible factor is the experimental acquisition temperature of ∼324
• C required to provide enough conductivity for stable imaging of the diffraction patterns. This temperature contrasts with the first-principle calculations where temperature and vibrational dependence are often neglected. Deviations of the surface oxygen from their bulk positions due to vibrations have been seen in other oxide diffraction studies, such as Refs. 47 and 51-53.
The DFT work in Ref. 15 predicts two other terminations that may become stable at much lower oxygen pressure and higher temperature than used here. These structures, a ceriumrich and an oxygen-rich surface are labeled as CeO 2 (111):Ce and CeO 2 (111):O, respectively in Ref. 15 . For the cerium-rich surface, a plane of oxygen atoms beneath the topmost cerium atoms is removed from the model (the relaxed surface remains oxygen terminated). Each of the topmost cerium atoms has 4 nearest neighbor oxygen atoms. For the oxygen-rich surface, an extra layer of oxygen atoms is added, one oxygen atom above each cerium atom, increasing the number of nearestneighbor oxygens to 8 for the top cerium layer. In the bulk termination, each of the topmost cerium atoms has 7 oxygen nearest neighbors. We have performed LEED-I(V) calculations for these structures and found higher R p values than the bulk termination: the CeO 2 (111):Ce and CeO 2 (111):O surfaces have R P = 0.93 and R P = 0.64 (respectively) before relaxation and values of R p = 0.61 and 0.46, respectively, after relaxation. The defect-free, oxygen-terminated bulk truncation is therefore a better choice of a reference structure, with R P = 0.53 before relaxation and R p = 0.205 after relaxation.
In summary, using a comparison between experimental LEED-I(V) data and tensor LEED calculations we have shown that the bond lengths in the top few surface layers of bulk ceria(111) are mostly undistorted from their bulk values, in general agreement with theoretical predictions. However, the topmost oxygen layer is further from the topmost cerium layer than in the bulk termination, an expansion that differs from theoretical predictions. The agreement between the experiment and the multiple scattering calculation is remarkably good for an oxide surface, bringing hope that the same accuracy level typical of metal surfaces can be achieved in oxides. This experimental determination of the atomic positions of the oxygen-terminated ceria surface will be helpful to future researchers in the fields of ceria catalysis and electrocatalysis.
